A three node -displacement based-acoustic element is developed. In order to avoid spurious rotational modes, a higher order stiffness is introduced. This higher order stiffness is developed from an incompatible strain field which computes element volume changes under nodal rotational displacements fields. The higher order strain resulting from the incompatible strain field satisfies the Individual Element Test (IET) requirements without affecting convergence. The higher order stiffness is modulated, element by element, with a factor. As a result, the displacement based formulation presented on this paper is capable of placing the spurious rotational modes above the range of the physical compressional modes that can be accurately calculated by the mesh.
computed from volume changes. The displacement field inside the element computes element 17 shape changes with no volume changes. Any displacement field that describes shape changes 18 without volume variation expands the null space of the stiffness matrix. This displacement 19 field is called spurious because, despite being consistent with the formulation, it is not expected 20 in a true irrotational formulation. Moreover, when an eigenfrequency problem is solved, the 21 spurious displacement field produces low frequency rotational modes. Many authors [2, 10, 14] 22 compute the rotational of the displacement field and add a fictitious rotational energy. There 23 is not a constitutive equation for such behavior and a fictitious elastic coefficient must be 24 introduced, appearing in the formulation as a penalty factor. Generally, the value suggested 25 for the factor ranges from 1 to 1,000 times the compressibility modulus. This variability of the 26 factor is a serious drawback because the results strongly depend on this a priori tuning.
27
In this paper, a displacement-based triangular element is proposed. In order to obtain an 28 irrotational displacement field in weak form, an incompatible mode is added. From the added 29 incompatible mode, a higher order strain is computed. After filtering the higher order strain to cavity is also used to check the appearance of spurious modes.
42

THE STIFFNESS MATRIX ASSEMBLY
43
Displacement field and incompatible modes
44
To describe the displacement field, the same orientation of the coordinate system is assumed 45 for all the elements. Each element uses a system with origin at its center of gravity. In a linear 46 triangle the general form for the displacement field is:
Where u is the displacement field and the subscript c stands for the compatible part. The 
50
The following incompatible modes are introduced,
Where u is the displacement field and the subscript i stands for the incompatible part and
Constants ς and η must be determined element by element and take values different from 53 zero when the fluid tends to rotate.
54
A trial displacement field,u * = u c + u i is proposed in order to obtain ς and η as a function
55
of the a and b coefficients.
56
The rotor of the trial field is computed as:
From (4), it becomes clear that asking the rotor to cancel at each point inside the element 58 will not produce the sufficient conditions. Instead, the following weak form is tried:
By integrating and rearranging terms, (5) results in the following matrix relationship:
Which, in compact form, becomes:
Where ψ and d are vectors and the terms of matrix F are:
And the terms of matrix P are:
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Where matrix Q is:
Being x i , y i the nodal coordinates and
Assuming F −1 exists, equation (6) shows that ψ is a null vector for nodal displacements that 68 produces volume changes because it is independent from a 2 and b 3 , and ψ ≠ 0 for rotational 69 displacements fields. Thus, rotational fields activate the incompatible modes.
70
For simplicity, replacing (10) in (7):
2.2 The strain measure.
72
In a displacement based acoustic element the only strain measure is the unitary change of 73 volume:
The pressure inside the element is computed as:
where β is the compressibility modulus of the fluid. In (14) the continuous mechanics conven-76 tion is used, i.e., a negative change of volume is associated with a negative pressure (stress).
77
For the element strain two contributions are considered, one from the compatible part of 78 the displacement,e c , and a higher order one, e h , computed from the incompatible modes u i .
79
The computation of e h is not simple because it follows the rules presented in [11] , in order to 80 satisfy the IET.
81
First, a unitary volume change is computed from the incompatible modes:
The mean volume averaged strain is computed as:
By subtracting (16) from (15) and replacing (12), the higher order strain field is obtained:
This, in a more standard notation, becomes:
From which the higher order stiffness can be computed as:
This higher order stiffness matrix maintains the irrotationality of the fluid. Additionally,
87
the basic stiffness computes the constant strain state, in this case a change of volume, and 88 produces zero energy under rigid body motions, i.e., translation and rotation. This is achieved 89 using u c in the more usual shape function expansion:
From this displacement field, the basic strain field is defined as:
and the basic stiffness is computed,
The total element stiffness is calculated by adding the basic and higher order contributions:
The value of α can be changed from element to element without affecting the capability of 94 the assembly to correctly define a constant strain state and rigid body modes [8] .
95
STABILIZATION PROCEDURE
96
As mentioned in the introduction, one of the disadvantages of the previous formulations is the 97 selection of the penalty factor α. A low factor will contaminate the correct modes, whereas a 98 high factor will conceal the contribution of the basic stiffness.
99
Considering that the basic stiffness computes the irrotational modes from a linear displace-100 ment field, it seems reasonable to assume that three elements in a line is the limit to correctly 101 capture half the shortest wavelength. Under these circumstances, it is proposed that the en- irrotational modes are defined as:
Where subscript ir refers to the irrotational displacement field and subscript r refers to the rotational displacement field. These fields satisfy ∇ × u ir = 0 and ∇ ⋅ u r = 0.
109
To compute the value of α in (23) a regular mesh, as shown in Figure 1 , is used. The The approximation to the eigenvalue (ω) is obtained from the Rayleigh quotient. In both 113 cases, a lumped diagonal mass matrix (M) is used.
The superscript a indicates the use of the assembled element stiffness matrix from Figure   116 1. It should be noted that the irrotational field expands the null space of the higher order 117 stiffness matrix, therefore α does not contribute to equation (26). On the other hand, the 118 rotational field expands the null space of the basic stiffness matrix without contributing to 119 equation (27). By equaling both frequencies the following expression for α is obtained: The value of α is independent from physical fluid properties. Equation (28) equation (28) is evaluated. Hence, a value of α is computed for each value of h.
126
The adjusted function for the pairs(α, h) , for h in meters is:
Equation (30) is implemented in the finite element code and is calculated for each element.
128
To compute the element size h, the diameter of the circle inscribed in the triangle is used. This 
NUMERICAL RESULTS
132
The new formulated element is used to solve two 2D problems in order to assess its performance. 
142
When a fluid-structure interaction problem is solved using the displacement based proposed 143 element, it is necessary to impose the impenetrability condition in the interface. For the 144 closed rectangular cavity problem discussed here, the condition is imposed directly in the fluid 145 element restraining the displacement perpendicular to the rigid wall.
146
The fluid properties and dimensions are shown in Figure 2 . The eigenfrequencies can be
Where f is the frequency in Four meshes are presented in Figure 3 (left). The first three have one predominant element 151 size (coarse, medium and fine) and the fourth one has three predominant element sizes in the 152 same mesh. The modal pressure distribution for mode 1 is shown at the right side. In Table   153 1, the convergence to the first four modes is shown. 
Spurious mode placement
155
According to the stabilization procedure proposed and noting that the coarse mesh from Figure   156 
Element size sensitivity
164
It is necessary to test the sensitivity of the proposed formulation for element sizes (h) out Table 2 . 
175
In For the piston-fluid interface, the normal direction is randomly varied ±5 degrees. The 180 effect in the convergence is shown in Table 4 .
S. Correa et al / Acoustic displacement triangle based on the individual element test 11 Figure 6 Skew cavity convergence analysis. 7 DISCUSSION AND CONCLUSIONS.
182
The element proposed is a 2D linear triangle with degrees of freedom that can be easily coupled 183 to 2D solid elements. Although it has a penalty factor, the proposed energy balance formulation The convergence is not altered by a reasonable error in the normal direction definition.
190
The spurious modes do not disappear, as in previous formulations [2, 6, 10, 14]. Instead, the 191 penalty factor places spurious modes in frequencies higher than the ones corresponding to the 192 last compression mode accurately calculated by the mesh.
